We report the first experimental demonstration of multi-cavity optoelectronic oscillators where the different cavities are hosted in a single multicore fiber. Different configurations are implemented on the same 20-m 7-core fiber link, exploiting both unbalanced dual-cavity operation (loop lengths are a multiple of a reference value) and multi-cavity Vernier operation (loop lengths are slightly different).
I. INTRODUCTION
Multicore fibers (MCF) were originally envisioned to provide high-capacity digital communications over core and metro networks, [1] . Since they offer a compact medium for the propagation of parallel lightwave paths under the same environmental and mechanical conditions, they also find application in a wide range of areas including fiber-wireless access network distribution and Multiple Input Multiple Output antenna connectivity, multi-parameter fiber sensing and Microwave Photonics signal processing based on optical true time delay lines, [2] [3] [4] .
One of the particularly attractive applications of Microwave Photonics is the generation of radiofrequency (RF) signals with a high spectral purity in a feedback-loop structure known as Optoelectronic Oscillator (OEO), [5] [6] [7] [8] [9] [10] . Originally proposed by Yao and Maleki in a single-cavity configuration [5] , OEOs can provide stable, tunable and low-linewidth RF generation along a broad RF range. High spectral-purity generation in single-cavity OEOs requires a long fiber loop, what generates a considerable number of oscillation modes separated by a small frequency period. This requires the incorporation of very selective RF filters to selects the oscillation mode for operation at a single frequency after photodetection. Multi-cavity or multi-loop OEOs were conceived to alleviate the narrowband requirement for the RF filter. In dual-cavity OEOs, a short cavity provides the required spectral separation between adjacent oscillating modes while the long cavity provides the required spectral purity [6] . This scheme can be generalized to an arbitrary number of cavities whose lengths are multiple of a given reference value, [7] .
We can bring together the multiple cavities under the same fiber cladding by exploiting the spatial diversity inherent to MCFs. In [8] , we proposed and theoretically evaluated the implementation of multi-cavity OEOs where the required cavities are provided by the different cores of the MCF. This approach allows for the implementation of architectures where the cavity lengths are either a multiple of a given reference value (unbalanced operation), or slightly different by exploiting the Vernier effect, [9] .
In this paper, we report, for the first time to our knowledge, the experimental demonstration of different multi-cavity OEO structures implemented over the same homogeneous 7-core fiber. We demonstrate both unbalanced dual-cavity operation and multi-cavity Vernier operation.
II. DUAL-CAVITY UNBALANCED OEOS
As theoretically presented in [8] , a dual-cavity unbalanced OEO operation can be implemented in an N-core MCF if k 1 cores (k1 < N/2) are linked to form the short cavity while the remaining N-k1 cores comprise the long cavity. Fig. 1 shows the experimental setup used for the demonstration of dual-cavity unbalanced operation in a 20-m 7-core fiber link where 3 different configurations were implemented: 1-core and 6-core cavities (k 1 = 1) corresponding to 20-and 120-m cavities; 2-core and 5-core cavities (k 1 = 2) corresponding to 40-and 100-m cavities; and 3-core and 4-core cavities (k 1 = 3) corresponding to 60-and 80-m cavities. The MCF, which is provided by Fibercore, is characterized by a cladding diameter of 125 µm, a core separation of 35 µm, a core mode field diameter of 6.4 µm and a numerical aperture of 0.2. The fan-in/fan-out devices are provided by Optoscribe and have a maximum level of insertion loss of 2.5 dB in each way, including additional 1-dB losses due to the MCF splices. The measured intercore crosstalk, considering both the fan-in/fan-out device and the MCF, is lower than -50 dB. To compensate for the optical losses, mainly due to the fan-in/fan-out devices, optical amplification stages of 20 dB and 40 dB were included, respectively, in the short and long loops. After detection and the RF amplification stage, a tunable RF filter centered at 4.5 GHz with a bandwidth of 5 MHz allows for single-mode oscillation. A power splitter is set at the output of the RF filter to allow the continuous monitoring of the RF spectrum by using a signal analyzer (Agilent MXA signal analyzer N9020A, 20 Hz -26.5 GHz). The cavity gain control is carried out in the optical domain by placing variable optical attenuators (VOA) before photodetection. Figure 2 illustrates the measured RF oscillation spectra for the 3 dual-cavity unbalanced configurations over a 20-MHZ RF bandwidth, each one for 3 consecutive oscillating frequencies given by three different frequency tuning positions of the RF filter (blue, yellow and orange curves): (Upper) 1-core and 6-core cavities (k 1 = 1); (Middle) 2-core and 5-core cavities (k 1 = 2) and (Lower) 3-core and 4-core cavities (k 1 = 3). A spectrum periodicity of 4.8, 8.8, and 2.7 MHz, respectively for k 1 = 1, 2 and 3, is obtained. The fact that the configuration with the shortest short-cavity length (i.e., k 1 = 1) does not achieve the major Free Spectral Range (FSR) can be explained as follows. The FSR of the short and long cavities in isolation for k 1 = 1 are around 2.42 and 0.69 MHz, respectively, leading to mentioned FSR of 4.8 MHz when the dual-loop OEO is implemented. In contrast, the k 1 = 2 configuration leads to FSR values of 1.74 and 0.80 MHz for the isolated short and long cavities, respectively, so that their least common multiple determines the resulting 8.8-MHz FSR for the dual-loop OEO. Note that the short-and long-cavity delays (and thus their FSRs) are not only determined by the MCF length and the number of cores that form each cavity, but also by the inherent delays associated to the necessary components that form our setup, such as the internal length of the erbium doped fiber amplifiers (EDFAs) or the corresponding delay of the RF stage.
Both the computed and measured results of the phase noise spectra for a representative case (k 1 = 2) of the unbalanced OEO are shown in Fig. 3 . As expected from [8] , the measured phase noise results of all three configurations behave similarly. A phase noise around -80 dBc/Hz is achieved at a 10-KHz offset from the carrier, while it is downshifted below -120 dBc/Hz for frequency offsets above 1 MHz. The high level of phase noise close to the carrier can be explained by the fact that multiple amplification stages are used in our experimental setup. In particular, a double-stage EDFA amplification is required to build the long cavity, therefore, the current fluctuations of the pump current applied to the EDFAs may greatly contribute to the phase noise deterioration, [10] . For frequency offsets below 10 KHz, the phase noise performance is degraded by fluctuations that may occur in both fiber loops and the RF delay, as well as by the lack of proper temperature stabilization in the experimental setup. The peaks observed for frequency offsets above 800 KHz correspond to the minor oscillation modes present in both the short and long cavities, as we can also appreciate in Fig. 2 . 
III. MULTI-CAVITY VERNIER OEOS
A multi-cavity Vernier OEO can be implemented by using the N cores of the MCF as the corresponding N cavities that compose the oscillator. In the case of using a homogeneous MCF, the slightly different delays of the cavities can be obtained by adding an incremental length, ΔL, to each cavity, which can be done compactly by properly designing the physical length of each fan-in fan-out device, [8] . Fig. 4 shows the experimental setup used to build a 3-cavity Vernier OEO in a 20-m homogeneous 7-core fiber, where three of its cores are used to perform the 3 cavities of the oscillator. For simplicity, we have used a 2-m long standard singlemode fiber to produce the required incremental delay between cavities and a variable delay line (VDL) to finely adjust the length difference between cavities. We have used the same MCF and fan-in/fan-out devices than in the unbalanced OEO, so that again an optical amplification stage of 20 dB is included in each loop to compensate their inherent insertion losses. Once the signals have been photodetected, coupled together and amplified, a 4.4 to 5.0 GHz tunable RF filter with a 30-MHz bandwidth is used to select the desired oscillation frequency. We have measured the oscillation frequencies of 2-cavity and 3-cavity Vernier OEOs, as well as the RF spectrum corresponding to each one of the single cavities in isolation. The upper part of Fig. 5 illustrates the measured spectrum corresponding to each isolated cavity, where we see, as expected, that the OEO condition is not fulfil (with oscillation mode power levels lower than -70 dBm) as the open loop gain of each cavity is less than unity. With the help of the VDL placed at the first and second cavities, we have matched the oscillating modes of all three cavities at the frequency located near 4.499 GHz. The singleloop FSR is then 2.46, 2.40, and 2.34 MHz, respectively for isolated cavities 1, 2 and 3. This leads to a 2-cavity FSR of around 70 MHz and a global 3-cavity FSR above 600 MHz, so that a unique oscillating mode is sustained along the filter tuning range. The 30-MHz RF filter bandwidth is, by far, sufficiently narrow to allow single-mode oscillation for both the 2-and 3-cavitiy configurations.
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To compare the spectrum of the oscillating modes of both 2-cavity and 3-cavity configurations, the lower part of Fig. 5 shows the measured RF spectrum for both OEOs around the 4.499-GHz oscillating mode when the central frequency of the RF filter is set at 4.5 GHz. With the help of the inset figure, we see clearly in a zoomed area within an offset frequency range of [-1 MHz, 1 MHz] from the carrier that both dual-and three-loop Vernier configurations provide very similar frequency responses. Figure 6 shows the measured and computed phase noise spectra of both 2-and 3-cavity Vernier OEO configurations. As previously remarked for the case of the unbalanced dual-loop, the phase noise performance for frequency offsets below 10-20 KHz is highly degraded due to the effect of the EDFAs and the lack of a proper environmental isolation for the setup. For frequency offsets above 10 KHz, the computed and measured phase noise responses are in a good agreement and show clearly that both configurations provide a mostly equal phase noise behavior, as expected. This can be explained by the fact that Vernier configurations are based on having multiple cavities with quasi-identical delays, and since the phase noise basically depends on the longest cavity delay, their phase noise performance will be mostly identical. The measured phase noise at a 10-KHz offset is below -80 dBc/Hz and decreases as -10 dB/decade until reaching a lowest value of -120 dBc/Hz at 1-MHz frequency offset. We can see the similarity of these results compared to those shown in Fig. 3 for the unbalanced dual loop configurations. Although the phase noise values of both unbalanced and Vernier schemes are, in principle, not comparable to those reported for high-performance ultra-low phase noise OEOs [11] , they can be significantly reduced by using low-residual phase noise components and by reducing the optical losses and thus suppressing the need for optical amplifiers. In the particular case of the Vernier OEO, we can furtherly contribute to diminishing the phase noise level by increasing the MCF length. In contrast to single-cavity OEOS, this will not alter the FSR of the OEO that will actually be preserved by the Vernier effect. In contrast, the proposed unbalanced OEO using a MCF could not benefit from a fiber length increase since it is configured using a relatively small number of fiber cores and, therefore, it is inherently linked to shorter cavity lengths to avoid the use of RF filters with extremely high selectivity. In that case, by increasing the number of fiber cores (in singlemode operation) up to 32, such as the latest reported dense-core singlemode MCFs [12] , the length of the long cavity could be considerably increased as compared to the short one, improving as a consequence the phase noise performance.
IV. CONCLUSIONS
To the best of our knowledge, we have presented here the first experimental demonstration of multi-cavity OEOs built upon multicore fibers. By exploiting the flexibility provided by the spatial diversity of the MCF, we demonstrated different OEO configurations in the same single 7-core fiber considering both highly unbalanced two-cavity operation as well as multi-cavity Vernier OEO operation, where moderate cavity lengths (20-120 m) are compatible with a high-spectral purity. Since all the cavities are hosted under the same cladding, the use of MCFs provides a fiber integrated hosting medium for enhancing the OEO relative stability against mechanical and environmental fluctuations.
